INTRODUCTION {#S1}
============

The nervous system requires active monitoring and maintenance. During development, erroneous neuronal processes and excessive connections between neurons are trimmed ([@R7]; [@R38]). Animals undergoing metamorphosis prune existing neural circuits before establishing new ones ([@R11]; [@R58]). Further-more, physical insults can cause neuronal processes to degenerate. Consequently, efficient clearance of pruned or damaged neurites by phagocytes is critical for maintaining tissue homeostasis and preventing inflammation. Failure of clearance may cause secondary neurodegeneration and autoimmune disease ([@R46]; [@R55]).

How phagocytes recognize and clear neurites destined to be removed, while sparing other parts of the same neuron, is unclear *in vivo*. In comparison, apoptotic cell recognition by phagocytes is known to rely on ''eat-me'' signals exposed on the surface of dying cells ([@R52]). A well-defined eat-me signal is phosphatidylserine (PS), a phospholipid found exclusively in the cytoplasmic leaflet of most healthy cells ([@R59]). During apoptosis, PS is externalized and flags the cell for engulfment by directly or indirectly interacting with engulfment receptors on phagocytes. The asymmetric PS distribution across the plasma membrane is established and maintained by aminophospholipid flippases encoded by the P4-ATPase family ([@R48]; [@R65]), whereas PS externalization is promoted by phospholipid scramblases. TMEM16F is a calcium-dependent scramblase required for PS exposure in platelet activation ([@R16]; [@R62]). XKR family members, including mammalian XKR8, are caspase-activated scramblases that stimulate PS exposure in apoptotic cells ([@R63]).

Recent evidence links PS exposure to neurite degeneration. Dorsal root ganglion neurons induced to degenerate *in vitro* expose PS on their axons ([@R30]; [@R69]). Knockdown of the scramblase XKR8 or a lipid translocase ABC1 reduces PS exposure during degeneration ([@R68]). Moreover, PS recognition pathways are implicated in the phagocytosis of neurons. The mammalian TAM receptors (Tyro3, Axl, and Mertk) mediate phagocytosis of apoptotic cells by interacting with two PS binding proteins, Growth arrest-specific protein 6 (Gas6) and Protein S (Pros1) ([@R34]; [@R35]). Loss of *Axl* and *Mertk* in the adult mouse CNS results in impaired cell clearance after viral infection ([@R67]) and accumulation of apoptotic cells in the CNS ([@R12]). Another secreted PS-binding protein lactadherin (alternatively called MFG-E8), which interacts with the engulfment receptor a~v~b~3~ integrin ([@R2]; [@R24]), stimulates the phagocytosis of PS-exposing photoreceptor outer segments (POSs) in the mouse retina ([@R47]) and that of viable neurons during neuroinflammation induced by lipopolysaccharide treatment ([@R15]). In addition, exogenous PS treatment has been shown to be neuroprotective in a degenerative disease model ([@R45]).

Despite these evidences, several important questions regarding the roles of PS exposure in neurodegeneration remain unanswered. PS exposure induced on live neurons can lead to phagocytosis by co-cultured microglia ([@R5]). However, PS exposure on live cells does not necessarily lead to engulfment *in vivo* ([@R3]; [@R26]; [@R60]). Therefore, direct *in vivo* evidence is required to demonstrate the sufficiency of PS exposure in driving neuronal degeneration. Mutations in mouse *Atp8a2*,a P4-ATPase gene, are associated with axon degeneration ([@R71]), but the mechanism is unknown. Because PS exposure is associated with cell-autonomous membrane vesicle shedding in many contexts ([@R36]; [@R43]; [@R44]), it is unclear whether PS exposure can by itself induce cell-autonomous loss of neurite membranes or whether degeneration is a consequence of phagocyte activity. Additionally, both flippase inactivation and scramblase activation can result in PS exposure in non-apoptotic cells ([@R59]), but whether they produce similar effects in neurons remains to be determined. Lastly, it is unknown whether different spatial domains of the same neuron are equally sensitive to disruptions of PS asymmetry under pathological conditions.

To address these questions, we utilized the *Drosophila* dendritic arborization (da) neurons that extend dendritic arbors underneath the larval epidermis ([@R19]; [@R21]; [@R31]). During dendrite remodeling and after dendrite injury, epidermal cells function as the primary phagocytes that break down and engulf da dendrites ([@R23]) in a process similar to the clearance of injured sensory axons by zebrafish epidermal cells ([@R51]). In this study, we examined the spatiotemporal pattern of PS exposure on degenerating dendrites using genetically coded GFP-tagged PS binding proteins ([@R41]) and investigated the roles of nicotinamide adenine dinucleotide (NAD^+^) depletion and caspase activity in injury-induced PS exposure. Furthermore, we studied the effects of ectopically induced PS exposure in uninjured neurons in the larval peripheral nervous system (PNS) and the adult CNS. Lastly, we found that extracellular lactadherin potentiates *Drosophila* epidermal cells to destruct PS-exposing dendrites through an unidentified bridging domain. Together, our study reveals *in vivo* dynamics of PS exposure on degenerating neurites and establishes a direct functional association between PS exposure and phagocytosis-dependent neurite loss in *Drosophila*.

RESULTS {#S2}
=======

PS Is Dynamically Exposed on Degenerating Dendrites after Injury and during Dendrite Remodeling {#S3}
-----------------------------------------------------------------------------------------------

Building on two PS-binding proteins, Annexin V (AV) ([@R32]) and the lactadherin C1C2 domain (LactC1C2) ([@R2]), we developed an *in vivo* system in *Drosophila* larvae to visualize surface PS externalization on cells exposed to the hemolymph. The GFP-tagged, secreted forms of these proteins ([@R41]) are referred to as AV-GFP and GFP-Lact. LactC1C2 specifically binds to PS but lacks the integrin-interacting motif of the full-length protein ([@R24]). AV-GFP and GFP-Lact secreted by the fat body diffuse to da neuron dendrites labeled by CD4-tdTom ([@R21]) via the hemolymph and decorate the outer surface of the branches exposing PS ([Figure 1A](#F1){ref-type="fig"}).

We examined PS exposure of class IV da (C4 da) neurons both after dendrite injury and during dendrite pruning. At 4--5 hr after laser injury, severed dendrites actively underwent blebbing and fragmentation ([@R23]; [@R66]) and exhibited robust labeling by both AV-GFP ([Figures 1B--1B"](#F1){ref-type="fig"}, blue arrows, n = 29 neurons) and GFP-Lact ([Figures 1C--1C″](#F1){ref-type="fig"}, blue arrows, n = 22 neurons). In contrast, uninjured dendrites of ablated neurons ([Figures 1B--1C″](#F1){ref-type="fig"}, yellow arrowheads) or healthy neurons ([Figure S1A--S1A″](#SD1){ref-type="supplementary-material"}) did not show any labeling. PS sensor labeling correlated with the stage of dendrite degeneration: smooth and healthy-looking branches often did not show obvious labeling, whereas branches with roughened surfaces or blebs usually showed strong labeling. As controls, AV(mut)-GFP ([Figures S1B--S1B″](#SD1){ref-type="supplementary-material"}; n = 24 neurons) and GFP-Lact(mut) ([Figures S1C--S1C″](#SD1){ref-type="supplementary-material"}; n = 17 neurons), which carry mutations that abolish their ability to interact with PS ([@R10]; [@R37]; [@R41]), did not label any injured dendrites.

For dendrite pruning, we used time-lapse imaging to examine PS exposure on C4 da dendrites, which exhibit asynchronized severing and fragmentation ([@R29]). AV-GFP consistently labeled the branches that were degenerating, but not before branches showed any sign of degeneration ([Figures 1D--1D″](#F1){ref-type="fig"}; [Video S1](#SD1){ref-type="supplementary-material"}). GFP-Lact labeled pruned dendrites ([Figures 1E--1E"](#F1){ref-type="fig"}; [Video S2](#SD2){ref-type="supplementary-material"}) less consistently than AV-GFP. During metamorphosis, many larval tissues underwent large-scale apoptosis, possibly sequestering GFP-Lact away from pruned dendrites. Nevertheless, these results demonstrate that PS is specifically exposed on degenerating dendrites both after injury and during pruning.

To further investigate the timing of PS exposure on degenerating dendrites, we recorded AV-GFP labeling of injured dendrites in larvae using long-term time-lapse imaging ([@R50]), which began at 1.5--2 hr after injury (AI) and lasted 5--7 hr, long enough to capture most of the dendrite degeneration process ([@R23]). Uninjured dendrites exhibit normal growth dynamics (e.g., extension, retraction, and turning) and no AV-GFP binding, signifying the health of the larvae ([Video S3](#SD3){ref-type="supplementary-material"}). In contrast, severed dendritic arbors exhibit specific spatiotemporal patterns of AV-GFP labeling [(Video S3](#SD3){ref-type="supplementary-material"}). The peak of AV-GFP binding usually started at terminal branches and then spread to low-order branches, as apparent in color-coded timing of AV-GFP peak signal on the dendritic arbor ([Figure 1F](#F1){ref-type="fig"}), suggesting that the PS membrane asymmetry is disrupted earlier at high-order branches than at lower-order branches. Kymographs for visualizing changes of dendrite morphology and AV-GFP binding over time ([Figure 1G](#F1){ref-type="fig"}) further show that the appearance of AV-GFP signals (indicated by the blue dotted line) correlated with roughening of the dendritic membrane and occurred before dendrite fragmentation (indicated by the white dotted line). Both AV-GFP labeling and dendrite fragmentation proceeded from the distal end of the dendrite to the proximal end. These data suggest that PS exposure is among the early events of dendrite degeneration AI.

To serve as an eat-me signal for degenerating dendrites, PS should be externalized before debris engulfment. Using MApHS, a pH sensitive dendritic marker consisting of extracellular pHluorin and intracellular tdTom ([@R23]), to monitor engulfment and AV-mCardinal (AV-mCard) ([@R6]) to visualize PS exposure, we found that AV-mCard labeling (blue dotted line) appeared much earlier than engulfment ([Figure 1H](#F1){ref-type="fig"}), which is signified by the loss of pHluorin signal due to the drop of pH in early phagosomes ([@R4]) and mostly correlated with dendrite fragmentation (white dotted line). AV-mCard labeling can persist on dendrite debris even after engulfment (yellow arrowheads).

Together, our results demonstrate that PS is specifically and dynamically exposed on degenerating dendrites both in injury and during dendrite remodeling. The timing of PS exposure is consistent with its potential role as an eat-me signal.

PS Exposure on Injured Dendrites Depends on NAD^+^ Depletion but Does Not Require Caspase Activity {#S4}
--------------------------------------------------------------------------------------------------

Injured neurites degenerate following a sequence of signaling events triggered by NAD^+^ depletion ([@R17]). Expression of Wld^s^, a chimeric protein containing nicotinamide mononucleotide adenyltransferase (NMNAT1), which synthesizes NAD^+^, in neurons prevents neurite degeneration AI ([@R40]). Interestingly, transected axons of retinal ganglion cells isolated from transgenic Wld^s^ rats showed a delay of PS exposure and halved the speed of PS exposure spread ([@R1]). To test whether PS exposure on injured dendrites is also regulated by NAD^+^ depletion *in vivo*, we examined Wld^s^-overexpressing C4 da neurons. At 10 hr AI, the majority of wild-type neurons showed complete fragmentation of injured dendrites, and the remaining dendrite segments were consistently labeled by GFP-Lact ([Figures 2A--2A"](#F2){ref-type="fig"} and [2E](#F2){ref-type="fig"}). In contrast, injured dendrites of Wld^s^-overexpressing neurons showed little sign of fragmentation at 10 hr AI ([Figures 2B--2B"](#F2){ref-type="fig"} and [2E](#F2){ref-type="fig"}) or 24 hr AI. Neither did they show any GFP-Lact labeling (yellow arrowheads, [Figure 2F](#F2){ref-type="fig"}), even though injured dendrites of other da neurons lacking Wld^s^ showed strong GFP-Lact labeling in the same segment (blue arrows). Occasionally (18%, n = 17), injured Wld^s^-expressing dendrites broke into large segments that exhibited local enlargement and thinning without GFP-Lact labeling ([Figures 2C--2C"](#F2){ref-type="fig"}, yellow arrowheads).

Caspase activity is involved in neurite pruning ([@R33]; [@R57]; [@R61]; [@R70]). During apoptosis, caspases inhibit P4-ATPases and activate XKR scramblases ([@R59]), and consequentially promote PS exposure. To test whether caspase activity is also required for PS exposure after dendrite injury, we expressed the caspase inhibitor p35 ([@R70]) in C4 da neurons. We did not observe statistically significant delay of dendrite degeneration ([Figure 2E](#F2){ref-type="fig"}) or weaker GFP-Lact labeling on injured dendrites ([Figures 2D--2F](#F2){ref-type="fig"}). Neurons overexpressing Diap1, a *Drosophila* inhibitor of caspases ([@R25]), showed normal degeneration and GFP-Lact labeling of injured dendrites ([Figure 2E](#F2){ref-type="fig"}). Consistent with these results, caspase activity was not detected in injured dendrites of wild-type or p35-expressing neurons using a caspase activity reporter CD8::PARP::Venus ([@R70]) ([Figure S2](#SD2){ref-type="supplementary-material"}). Together, our results suggest that PS exposure on injured dendrites requires NAD^+^ depletion, but not caspase activity.

CDC50 Knockout and TMEM16F Overexpression Disrupt PS Asymmetry Preferentially at Distal Dendrites {#S5}
-------------------------------------------------------------------------------------------------

To understand the functional consequences of PS exposure, we sought to ectopically induce PS exposure on otherwise healthy neurons by removing P4-ATPases or overexpressing scramblases. The *Drosophila* genome encodes six P4-ATPases ([@R64]), five of which are predicted to require the chaperone CDC50 for proper subcellular localization and function ([@R49]; [@R54]; [@R64]). To maximize the chance of causing ectopic PS exposure, we knocked out the only *Drosophila CDC50* gene, *CG9947* (referred to as *CDC50* hereafter), in C4 da neurons using a C4 da-specific *ppk-Cas9* and two ubiquitously expressed guide RNAs (gRNAs) targeting *CDC50*. These *CDC50* mutant neurons were labeled by AV-GFP in bright puncta along high-order branches of distal dendrites (yellow arrowheads) and also smoothly on the shafts of low-order branches (blue arrows, [Figures 3A--3A"](#F3){ref-type="fig"}). AV-GFP puncta appeared to be intracellular endosomes ([Figures S3A--S3C"](#SD3){ref-type="supplementary-material"}) and were also found in the cell body ([Figures S3A--S3A"](#SD3){ref-type="supplementary-material"}), possibly because of retrograde trafficking from dendrites. In contrast with AV-GFP, which did not seem to affect the morphology of *CDC50* knockout neurons, constitutive GFP-Lact expression in the fat body caused drastic dendrite degeneration of *CDC50* mutant neurons (more details later). To alleviate this degeneration, we transiently expressed GFP-Lact for 24 hr using temperature-sensitive Gal80 ([@R42]), which resulted in varying degrees of GFP-Lact labeling on *CDC50* knockout neurons, with the strongest labeling typically seen at the most distal dendrites ([Figure S3F](#SD3){ref-type="supplementary-material"}). The GFP-Lact labeling was weak and smooth on dendrites without obvious sign of degeneration ([Figures 3B--3B"](#F3){ref-type="fig"}, inset 1), whereas laser-injured dendrites of the same neurons exhibited much stronger GFP-Lact labeling ([Figures 3B--3B"](#F3){ref-type="fig"}, inset 2), suggesting that loss of flippases causes low PS exposure preferentially at the distal dendritic arbor, and mechanisms other than P4-ATPase inactivation must exist to boost PS exposure AI.

We next overexpressed mammalian scramblases TMEM16F and XKR8 in da neurons. A hyperactive TMEM16F mutant, TMEM16F D430G-L (abbreviated as TMEM16F), causes a high level of ectopic PS exposure on mouse lymphoma cells ([@R60]). TMEM16F overexpression in da neurons caused AV-mCard labeling in half of the neurons (50%, n = 12, 6 animals) ([Figures 3C--3C"](#F3){ref-type="fig"}) in puncta in the cell body (inset 1) and on distal dendrites (inset 2). Constitutive GFP-Lact expression did not cause large-scale degeneration of TMEM16F-expressing neurons but labeled distal high-order branches infrequently ([Figures 3D](#F3){ref-type="fig"} and [3E](#F3){ref-type="fig"}) and debris near distal dendrites frequently ([Figures S3D](#SD3){ref-type="supplementary-material"} and [3E](#SD3){ref-type="supplementary-material"}). XKR8 overexpression did not cause obvious labeling by AV-GFP (data not shown) or GFP-Lact ([Figures 3E](#F3){ref-type="fig"} and [S3E](#SD3){ref-type="supplementary-material"}).

We then asked whether combining *CDC50* knockout (KO) and TMEM16F overexpression (OE) (referred to as *CDC50* KO + TMEM16F OE) would enhance PS exposure by scoring GFP-Lact labeling ([Figures S3F](#SD3){ref-type="supplementary-material"} and [S3H](#SD3){ref-type="supplementary-material"}). Indeed, among neurons that showed GFP-Lact labeling, higher percentages of *CDC50* KO + TMEM16F OE neurons ([Figure S3G](#SD3){ref-type="supplementary-material"}) were strongly labeled than *CDC50* KO alone ([Figures 3F](#F3){ref-type="fig"} and [S3F](#SD3){ref-type="supplementary-material"}). Together, these data show that *CDC50* KO and TMEM16F OE induce different degrees of PS exposure preferentially at distal dendrites.

Ectopic PS Exposure in Neurons Causes Membrane Loss at Distal Dendrites {#S6}
-----------------------------------------------------------------------

We next examined whether the low-level PS exposure on uninjured dendrites induced by flippase KO or scramblase OE would cause recognition and engulfment of dendrites by phagocytic epidermal cells, which would result in tdTom-positive phagosomes resembling dendrite debris ([@R23]). When *CDC50* was knocked out in C4 da neurons, some dendrite debris was detected in epidermal cells underneath high-order dendrite branches ([Figure 4B](#F4){ref-type="fig"}). To confirm that this phenotype is indeed caused by P4-ATPase loss of function (LOF), we knocked out *CG42321*, the closest *Drosophila* homolog for human 8A class of P4-ATPases ([@R64]) (referred to as *ATP8A* hereafter), in C4 da neurons and also detected dendrite debris in epidermal cells ([Figures 4C](#F4){ref-type="fig"} and [4J](#F4){ref-type="fig"}). Knocking out both *CDC50* and *ATP8A* did not enhance debris formation ([Figures 4D](#F4){ref-type="fig"} and [4J](#F4){ref-type="fig"}), consistent with the notion that ATP8A and CDC50 function in the same complex.

Whereas knocking out *CDC50* and *ATP8A* individually or in combination did not affect C4 da dendrite morphology ([Figures S4A--S4D](#SD4){ref-type="supplementary-material"}), TMEM16F OE caused a mild dendrite reduction ([Figures S4E, S4J](#SD4){ref-type="supplementary-material"}, and [S4K](#SD4){ref-type="supplementary-material"}). Consistent with their weaker PS-exposure phenotypes, TMEM16F-overexpressing neurons also produced a lower level of dendrite debris ([Figures 4E](#F4){ref-type="fig"} and [4K](#F4){ref-type="fig"}). In contrast, XKR8 OE caused strong dendrite reduction ([Figures S4H, S4J](#SD4){ref-type="supplementary-material"}, and [S4K](#SD4){ref-type="supplementary-material"}) without generating dendrite debris ([Figures 4K](#F4){ref-type="fig"} and [S4N](#SD4){ref-type="supplementary-material"}), suggesting that the dendrite reduction is due to dendrite growth defects rather than epidermal engulfment. Interestingly, *CDC50* KO + TMEM16F OE neurons showed a much greater level of debris than what would be expected from an additive effect of *CDC50* KO and TMEM16F overexpression ([Figures 4F](#F4){ref-type="fig"} and [4K](#F4){ref-type="fig"}), suggesting that these two manipulations synergistically boost the loss of dendrite membranes. As a result, compared with TMEM16F OE alone, *CDC50* KO + TMEM16F OE neurons had fewer high-order dendrite branches ([Figures S4F](#SD4){ref-type="supplementary-material"} and [S4J](#SD4){ref-type="supplementary-material"}), even though arbor sizes were not affected ([Figure S4K](#SD4){ref-type="supplementary-material"}). In contrast, *CDC50* KO and XKR8 OE did not show synergistic effects on debris formation ([Figures 4K](#F4){ref-type="fig"} and [S4O](#SD4){ref-type="supplementary-material"}) or dendrite reduction ([Figure S4I, S4J](#SD4){ref-type="supplementary-material"}, and [S4K](#SD4){ref-type="supplementary-material"}).

The scramblase activity of TMEM16F is activated by calcium. We asked whether increasing intracellular calcium levels by activating C4 da neurons would further enhance the membrane loss of *CDC50* KO + TMEM16F OE neurons. Because C4 da neurons respond to a variety of noxious stimuli including high temperatures ([@R27]), we subjected larvae to brief heat shocks and examined C4 da neurons 30 min later. The heat shock treatment greatly increased the debris level ([Figures 4I](#F4){ref-type="fig"} and [4L](#F4){ref-type="fig"}) and further reduced high-order dendrites ([Figures S4G, S4J](#SD4){ref-type="supplementary-material"}, and [S4K](#SD4){ref-type="supplementary-material"}) of *CDC50* KO + TMEM16F OE neurons but had no effect on wild-type neurons ([Figures 4G](#F4){ref-type="fig"} and [4L](#F4){ref-type="fig"}). Interestingly, heat shocks did not affect TMEM16F OE alone [(Figures 4H and 4L)](#F4){ref-type="fig"}, suggesting that flippase loss is required for the enhancement effect of TMEM16F. Together, these data demonstrate that loss of P4-ATPase activity and TMEM16F activation in C4 da neurons synergistically causes engulfment of dendrite membrane by resident phagocytes.

Consistent with the preferential PS exposure at distal dendrites of *CDC50* KO and TMEM16F OE ([Figure 3](#F3){ref-type="fig"}), dendrite debris also correlated with the distance from the cell body: the debris level is greater the farther away from the cell body and peaks near the edge of the dendritic field when normalized by either the number of all dendrite branches or that of terminal dendrites ([Figure 4M](#F4){ref-type="fig"}). This spatial preference of membrane loss is not due to TMEM16F enrichment at distal dendrites, because immunostaining showed that the TMEM16F protein was mostly found at the cell body and proximal dendrites ([Figures S4L--S4L"](#SD4){ref-type="supplementary-material"}) and was below detection at distal high-order branches ([Figures S4M--S4M"](#SD4){ref-type="supplementary-material"}). Together, these data suggested that distal dendrites of C4 da neurons are most susceptible to membrane loss due to perturbation of PS asymmetry caused by LOF of P4-ATPases or gain of function (GOF) of calcium-activated scramblases.

PS-Exposing Dendrites Shed Membrane Vesicles in a Phagocyte-Dependent Manner {#S7}
----------------------------------------------------------------------------

To investigate how PS-exposing dendrites lose membranes, we conducted time-lapse imaging of *CDC50* KO + TMEM16F OE neurons and observed two ways by which dendrites shed membrane vesicles. More often, terminal dendrites shed vesicles from branch ends during retraction ([Figure 5A](#F5){ref-type="fig"}; [Video S5](#SD5){ref-type="supplementary-material"}). Sometimes vesicles were shed from dendritic shafts ([Figure 5B](#F5){ref-type="fig"}; [Video S6](#SD6){ref-type="supplementary-material"}), resembling the ''shedosomes'' emanated from dendritic shafts during dendrite pruning ([@R21]). Both kinds of membrane shedding were rarely observed on wild-type neurons ([Figure 5C](#F5){ref-type="fig"}), indicating that they are unique to PS-exposing dendrites. To ask whether PS exposure is sufficient to drive cellautonomous membrane shedding, we examined animals mutant for *drpr*, which encodes an engulfment receptor necessary for larval epidermal cells to engulf dendrite debris ([@R23]). We generated *drpr*^*indel*^, a null allele, using CRISPR/ Cas9. Strikingly, neither *CDC50* KO neurons ([Figure 5E](#F5){ref-type="fig"}) nor CDC50 KO + TMEM16F OE neurons ([Figure 5F](#F5){ref-type="fig"}) produced detectable debris in the *drpr*^*indel*^ background, similar to control neurons in the *drpr*^*indel*^ background ([Figure 5D](#F5){ref-type="fig"}) or in wild-type animals ([Figure 5G](#F5){ref-type="fig"}). These data suggest that vesicle shedding of PS-exposing dendrites results from Drpr-mediated attack and engulfment by epidermal cells on still live dendrites.

Mammalian macrophages have been reported to degrade unengulfed apoptotic cells by exocytosing lysosomal contents in a process called exophagy ([@R20]). To investigate whether epidermal cells also use similar mechanisms to acidify and degrade dendrite tips before separating them from the branches, we examined dendrite vesicle shedding with the MApHS marker. In all cases of vesicle shedding from dendrite tips (n = 77), the pHluorin signal persisted on the tips before shedding, and pHluorin quenching occurred at or shortly after the separation of vesicles from the branches ([Figures 5H--5H](#F5){ref-type="fig"} and [5I](#F5){ref-type="fig"}; [Video S7](#SD7){ref-type="supplementary-material"}), suggesting that epidermal cells do not acidify tips of terminal dendrites, and that epidermal cells may break dendrite tips by physical force ([@R23]).

Flippase Loss and Scramblase OE Cause Distinct Modes of Axonal Degeneration in the Adult Fly Brain {#S8}
--------------------------------------------------------------------------------------------------

We next asked whether flippase loss or scramblase OE could also cause neurons to lose axonal membrane in the CNS by examining adult Or22a neurons, which are a well-established model for studying axon degeneration and clearance in the brain ([@R39]). Or22a neurons are olfactory receptor neurons (ORNs) on the antenna that respond to ethyl butyrate and project axons to the DM2 glomeruli in the antennal lobe of the adult brain ([@R9]). We knocked out *CDC50* in mature Or22a neurons labeled by *Or22a-Gal4 UAS-mCD8-GFP* to avoid potential early developmental defects. In 3-day-old adults, wild-type ([Figure 6A](#F6){ref-type="fig"}) and *CDC50* KO ([Figure 6B](#F6){ref-type="fig"}) neurons showed no differences in axonal GFP patterns and intensities ([Figure 6E](#F6){ref-type="fig"}), whereas in 25-day-old adults, *CDC50* KO axons ([Figures 6D](#F6){ref-type="fig"}, [6E](#F6){ref-type="fig"}, and [S5F](#SD5){ref-type="supplementary-material"}) showed much lower GFP than the wild-type ([Figure 6C](#F6){ref-type="fig"}) and contained many GFP aggregates (inset of [Figure 6D](#F6){ref-type="fig"}), indicating axonal degeneration.

To examine the effects of overexpressing TMEM16F in Or22a neurons, we compared 5-day-old flies exposed to ethyl butyrate with those not exposed to any odorant, all kept on sucrose agar to avoid potential exposure to odorants from the food, expecting that ethyl butyrate exposure would activate Or22a neurons and hence promote TMEM16F activity. In the absence of the odorant, TMEM16F OE slightly reduced axonal and somatic GFP signals ([Figures 6G](#F6){ref-type="fig"} and [S5A](#SD5){ref-type="supplementary-material"}) compared with wild-type neurons ([Figures 6F](#F6){ref-type="fig"}, [6J](#F6){ref-type="fig"}, and [S5A](#SD5){ref-type="supplementary-material"}). In the presence of the odorant, whereas wild-type neurons showed increased axonal and somatic GFP signals ([Figures 6H](#F6){ref-type="fig"}, [6J](#F6){ref-type="fig"}, and [S5B](#SD5){ref-type="supplementary-material"}), TMEM16F-expressing neurons became fewer ([Figures S5B](#SD5){ref-type="supplementary-material"}) and their axons were largely missing except for few weak GFP-positive membrane blebs visible only under a much higher detection setting or by GFP staining ([Figure 6I](#F6){ref-type="fig"} and [S5C](#SD5){ref-type="supplementary-material"}). The DM2 glomeruli in these TMEM16-expressing brains appeared to be much smaller and express much less the synaptic marker Brp ([Figure S5C](#SD5){ref-type="supplementary-material"}). These data suggest that activation of TMEM16F scramblase in adult ORNs causes strong axonal degeneration.

In comparison, odor exposure did not decrease axonal signals of *CDC50* KO neurons in 5-day-old flies ([Figures 6J](#F6){ref-type="fig"} and [S5D](#SD5){ref-type="supplementary-material"}). Without odor exposure, TMEM16F-expressing axons did not degenerate with age: although they were much dimmer than controls in 3-day-old flies ([Figures S5E](#SD5){ref-type="supplementary-material"} and [6K](#F6){ref-type="fig"}), the signals increased rapidly in 5-day-old flies ([Figures 6G](#F6){ref-type="fig"} and [6J](#F6){ref-type="fig"}) and further increased in 25-day-old flies ([Figures S5E, S5F](#SD5){ref-type="supplementary-material"}, and [6K](#SD6){ref-type="supplementary-material"}). Interestingly, the somatic signals of TMEM16F-overex-pressing neurons were comparable with those of the control in 3-day-old flies ([Figure S5A](#SD5){ref-type="supplementary-material"}), indicating a delay of axonal growth in young animals. Together, our results suggest that loss of P4-ATPase activity and TMEM16F OE causes distinct modes of axonal degeneration in ORNs: the former results in gradual and age-dependent axon degeneration, whereas the latter causes fast and neuronal activity-dependent axon degeneration.

The LactC1C2 Induces Engulfment-Dependent Dendritic Degeneration of PS-Exposing Neurons {#S9}
---------------------------------------------------------------------------------------

Although *CDC50* KO C4 da neurons shed membrane at distal dendrites, their primary dendrites did not degenerate ([Figures 7A--7A"](#F7){ref-type="fig"}). Surprisingly, in the presence of constitutively expressed GFP-Lact, most *CDC50* KO neurons showed severe degeneration ([Figures 7B--7B"](#F7){ref-type="fig"}) and loss of high-order dendrites ([Figure 7D](#F7){ref-type="fig"}), with membrane roughening and fragmentation on remaining branches. Strong GFP-Lact labeling was detected on dendrites and most cell bodies (14/20 neurons). *ATP8A* KO in C4 da neurons produced similar results in the presence of constitutively expressed GFP-Lact ([Figures S6A--S6A"](#SD6){ref-type="supplementary-material"}), confirming that these phenotypes are related to the loss of P4-ATPase activity. To test whether GFP-Lact induces degeneration of PS-exposing neurons in the absence of epidermal phagocytic activity, we conducted similar experiments in the *drpr*^*indel*^ background. Strikingly, *drpr*^*indel*^ homozygosity completely rescued the degeneration and reduction of *CDC50* KO dendrites ([Figures 7C](#F7){ref-type="fig"} and [7D](#F7){ref-type="fig"}), suggesting that GFP-Lact-induced degeneration is engulfment dependent. Consistent with the role of P4-ATPases, GFP-Lact was detected on distal dendrites of *CDC50* KO neurons in *drpr*^*indel*^ ([Figures 7E--7E"](#F7){ref-type="fig"}), albeit at a much lower level than that on *CDC50* KO neurons in the wild-type background ([Figure 7F](#F7){ref-type="fig"}). Together, these data argue that GFP-Lact functions as a bridging molecule and potentiates phagocyte-dependent destruction of dendrites exposing low levels of PS. Our results also suggest that the LactC1C2 domain contains an unidentified sequence that can interact with a *Drosophila* engulfment receptor, perhaps Drpr.

DISCUSSION {#S10}
==========

PS Exposure Is Associated with Neurite Degeneration {#S11}
---------------------------------------------------

Our results demonstrate that externalized PS is associated with neurite degeneration in two ways. First, PS exposure results from neurite degeneration ([Figure S7A](#SD7){ref-type="supplementary-material"}). Both pruned dendrites during developmental remodeling and severed dendrites after physical injury dynamically expose PS. The onset of PS exposure coincides with early signs of dendrite degeneration such as membrane roughening and blebbing, but precedes dendrite fragmentation and engulfment. Moreover, PS exposure is blocked when degeneration of injured dendrites is inhibited by Wld^s^ expression, suggesting that PS exposure is a downstream event of the neurite degeneration program triggered by NAD^+^ depletion ([@R1]; [@R17]). Interestingly, PS exposure in injured dendrites does not depend on caspase activity, consistent with previous findings that blocking caspase activity does not protect dendrites or axons from injury-induced degeneration ([@R61]; [@R66]).

Second, ectopic PS exposure on neurites causes phagocytedependent membrane loss ([Figure S7B](#SD7){ref-type="supplementary-material"}). Flippase KO or TMEM16F OE led to PS exposure preferentially on distal high-order dendrites of C4 da neurons and, consequently, membrane shedding from PS-exposing dendrites. This kind of membrane loss in severe cases (such as in *CDC50* KO + TMEM16F OE neurons) can lead to strong dendrite reduction. In the CNS, *CDC50* KO and TMEM16F OE in adult olfactory neurons also caused age-dependent and neuronal activity-dependent axon degeneration, respectively. Although PS exposure is associated with cell-autonomous membrane vesicle shedding in apoptosis ([@R14]), necroptosis ([@R18]), tumor cell microvesicle formation ([@R36]; [@R44]), and cell membrane repair ([@R56]), in the context of da neurons, PS-exposure by itself does not cause vesicle shedding, because membrane loss of PS-exposing dendrites is completely blocked in the *drpr* mutant background. Instead, epidermal cells likely latch on PS-exposing dendritic tips and cause them to separate as dendrites retract. In the CNS, glia may also actively damage PS-exposing axons through phagocytosis ([@R13]). Together, our results establish a strong association between PS exposure and neurite degeneration, and argue that PS exposure is sufficient to cause phagocyte-dependent neurite degeneration.

Different Spatial Domains of Neurons Are Differentially Sensitive to the Perturbation of PS Asymmetry {#S12}
-----------------------------------------------------------------------------------------------------

Our results reveal that distal dendritic arbors of C4 da neurons are most vulnerable to disruption of PS asymmetry. Ectopically externalized PS appeared preferentially on distal high-order branches where the phagocyte-dependent neuronal membrane loss was the most severe. These results suggest that different spatial domains of the same dendritic arbor have different demands for maintaining PS asymmetry. One possibility for such spatial differences is that distal dendrites are more active in certain cellular activities that could cause PS externalization. Such activities may include calcium influx and stimulation of calcium-dependent scramblases, endocytosis, and exocytosis in inducing phospholipid scrambling ([@R28]), and the generation of oxidative stress ([@R8]). Mechanistically, this differential sensitivity to PS asymmetry disruption is likely different from the diurnal and spatially restricted PS exposure on mammalian POS tips ([@R53]), because the latter is a constant, physiological, and tightly regulated process that involves coordination between the neurons and their specialized phagocytes.

The Effects of Flippase LOF and Scramblase GOF Depends on the Cellular Context {#S13}
------------------------------------------------------------------------------

Interestingly, flippase LOF and scramblase GOF produced distinct modes of degeneration that differ between larval C4 da dendrites and adult Or22a axons. These outcomes might be explained by the kinetics of PS externalization. The absence of P4-ATPase activity may lead to slow and cumulative PS externalzation, which could explain the age dependency of Or22a axon degeneration and the weak phenotype of larval C4 da neurons (considering the relatively short larval period). In contrast, the effect of TMEM16F, which can cause a more rapid PS exposure, is likely controlled by local calcium influx. In nociceptive C4 da neurons, short bursts of TMEM16F activity likely only cause local and transient PS exposure as endogenous flippases reestablish PS asymmetry. In contrast, sustained and strong TMEM16F activity, such as in activated Or22a neurons, may override the effect of endogenous flippases, leading to massive PS exposure and severe neurite degeneration. Lastly, when TMEM16F is overexpressed in *CDC50* KO neurons, the lack of flippase activity may unmask the full effect of TMEM16F, which could underlie the synergistic effects of *CDC50* KO and TMEM16 OE. Although other in-direct effects of *CDC50* KO and TMEM16F OE cannot be ruled out, our results highlight the importance of the cellular context in determining the outcome of ectopic PS exposure.

A Potential Bridging Function of the LactC1C2 Domain {#S14}
----------------------------------------------------

We found that prolonged exposure to GFP-Lact caused PS-exposing dendrites to degenerate in a phagocyte-dependent manner. This is a surprising result because the RGD motif required for lactadherin interaction with mammalian integrin receptors ([@R24]; [@R41]) is missing in LactC1C2 used to construct GFP-Lact. LactC1C2 may contain a yet unidentified sequence that can interact with other engulfment receptors. In comparison, AV appears to be a more passive PS-binding protein: AV did not affect the clearance of the degenerating dendrites or cause degeneration of *CDC50* KO neurons, but was often located in intracellular vesicles in PS-exposing neurons, likely a result of endocytosis.

Potential Roles of PS Exposure in Neurodevelopment and Neurodegenerative Diseases {#S15}
---------------------------------------------------------------------------------

Trimming of unnecessary neuronal branches or neuronal connections is an important step in the assembly of functional neural circuits ([@R7]; [@R58]). Our results suggest that PS exposure plays an important role in phagocytic recognition and clearance of pruned C4 da dendrites. It will be interesting to examine whether PS exposure also marks processes or synapses for elimination in other contexts of neurite and synaptic pruning. Furthermore, in neurodegenerative diseases, neurons can lose dendrites and axonal branches well before they die. Our results demonstrate that improper PS exposure in living neurons can cause neurite loss. Therefore, it is important to fully investigate whether and how spatial and temporal disruption of PS asymmetry on neurons relates to neurodegenerative pathologies.

EXPERIMENTAL PROCEDURES {#S16}
=======================

Live Imaging and Dendrite Ablation {#S17}
----------------------------------

Animals were reared at 25°C in density-controlled vials. Larvae at 125 hr after legg laying (AEL) (wandering stage) were imaged using a Leica SP8 micro-scope. Unless stated otherwise, confocal images shown in all figures are maximum intensity projections of z stacks encompassing the epidermal layer and the sensory neurons beneath, which are typically 8--10 mm for larvae and 12--15 mm for pupae. For dendrite lesion, laser ablation was performed on a Zeiss LSM880 Confocal/Multiphoton Upright Microscope, using a 790-nm two-photon laser at primary dendrites of ddaC neurons in A1 and A3 segments at 90 hr AEL. Animals were recovered on grape juice agar plates following lesion for appropriate time. After recovery, the larvae were imaged using a Leica SP8 microscope. Long-term time-lapse imaging at the larval stage was done as described previously ([@R50]) with small modifications. For long-term time-lapse imaging of dendrite pruning, white pupae were directly mounted in the imaging chamber similar to larval mounting and kept on the imaging chamber for 4--6 hr before imaging.

Quantification and Statistical Analysis {#S18}
---------------------------------------

Data acquisition and quantification were performed non-blinded in ImageJ and Microsoft Excel, respectively. Statistical significance was determined using one-way ANOVA and Tukey's honest significant difference (HSD) or Kruskal-Wallis (one-way ANOVA on ranks) and Dunn's test in R (\*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001). Statistical significance was set at p \< 0.05.

The detailed descriptions for *Drosophila* stocks, molecular cloning and transgenic flies, generation of *drpr*^*indel*^ allele by CRISPR/Cas9, tissue-specific gene KO via CRISPR/Cas9, adult brain preparation and adult odor treatment, immunohistochemistry, heat shock conditions, live imaging and long-term time-lapse imaging, image analysis, and quantification can be found in the [Supplemental Experimental Procedures](#SD1){ref-type="supplementary-material"}.
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![Phosphatidylserine Is Dynamically Exposed on Degenerating Dendrites after Injury and during Dendrite Remodeling\
(A) Experimental design for visualizing PS exposure on injured dendrites of C4 da neurons.\
(B--C") Labeling of injured C4 da dendrites by AV-GFP (B--B") and GFP-Lact (C--C") at 4--5 hr after injury (AI). Blue arrows: injured dendrites; yellow arrowheads: uninjured dendrites; blue asterisk: injury sites.\
(D--E") Labeling of severed C4 da dendrites by AV-GFP (D--D") and GFP-Lact (E--E") during dendrite pruning between 6 and 7 hr after puparium formation (APF). Blue arrows: severed dendrites; yellow arrowheads: not-yet-severed dendrites. Some hemocytes are visible in the GFP channel in (B)--(D") because *Dcg-Gal4* also drives expression in hemocytes.\
(F) Temporal sequence of AV-GFP binding to injured dendrites ([Video S3](#SD3){ref-type="supplementary-material"}). Red: early binding; blue: late binding. Indicated times are relative to the first frame.\
(G) Kymographs of morphology and AV-GFP binding of an injured dendrite. The top panel shows the straightened dendrite with indicated distances relative to the proximal (left) end. The middle and bottom panels show kymographs of tdTom and AV-GFP signals, respectively, with indicated times relative to the first frame. White dotted lines: timing of dendrite fragmentation based on the continuity of the dendrite signal; blue dotted lines: timing of AV-GFP initial binding to the dendrite; white asterisks: interfering AV-GFP signals from injured dendrites of other da neurons.\
(H) Kymographs of engulfment and AV-mCard binding of an injured dendrite. Top panel: diagram of the MApHS marker (adapted from [@R21]). Dendrite and kymograph panels are arranged similar to (G). White dotted lines: timing of dendrite fragmentation; blue dotted lines: timing of AV-mCard initial binding; yellow arrowheads: engulfed dendrite debris (based on the loss of pHluorin) still associated with AV-mCard.\
Scale bars: 50 μm (B--E). See also [Figure S1](#SD1){ref-type="supplementary-material"} and [Videos S1](#SD1){ref-type="supplementary-material"}, [S2](#SD2){ref-type="supplementary-material"}, [S3](#SD3){ref-type="supplementary-material"}, and [S4](#SD4){ref-type="supplementary-material"}.](nihms-1506243-f0001){#F1}

![PS Exposure in Injured Dendrites Depends on NAD^+^ Depletion but Does Not Require Caspase Activity\
(A--A") A control C4 da neuron at 8--10 hr AI. Blue arrows: fragmenting dendrites.\
(B--C") Wld^s^-overexpressing (OE) C4 da neuron at 8--10 hr AI showing unfragmented dendrites (B--B") and fragmented dendrites (C--C"). Yellow arrowheads: injured dendrites of C4 da neurons; blue arrows: injured dendrites of other classes of neurons that were labeled by GFP-Lact.\
(D) A p35 OE neuron at 8--10 hr AI. Blue arrows: fragmenting dendrites.\
(E) Quantification of dendrite degeneration showing percentages of neurons with uncleared dendrites and fragmented dendrites. n = number of neurons: control (n = 11, 7 animals); Wld^s^ OE (n = 17, 10 animals); p35 OE (n = 22, 11 animals); Diap1 OE (n = 21, 11 animals). Fisher's exact test, \*\*p \< 0.01; \*\*\*p \< 0.001, n.s., not significant.\
(F) Quantification of GFP-Lact binding on dendrites. GFP-Lact intensity is shown for both background epidermal regions and GFP-Lact-labeled dendrites. n = number of measurements: control (n = 15, 5 animals); p35 OE (n = 30, 9 animals), Wld^s^ OE (n = 24, 4 animals). \*\*\*p % 0.001; n.s., not significant; Kruskal-Wallis (one-way ANOVA on ranks) and Dunn's test; p values adjusted with the Benjamini-Hochberg method. Black bar, mean; red bars, SD.\
Scale bars represent 50 μm (A--D). Blue asterisks indicate injury sites (A--D). See also [Figure S2](#SD2){ref-type="supplementary-material"}.](nihms-1506243-f0002){#F2}

![*CDC50* Knockout and TMEM16F Overexpression Disrupt PS Asymmetry Preferentially at Distal Dendrites\
(A--A") *CDC50* knockout (KO) neuron labeled by AV-GFP. Yellow arrowheads: bright AV-GFP puncta; blue arrows: smooth AV-GFP labeling on dendrite shafts.\
(B--B") *CDC50* KO neuron labeled by transiently induced GFP-Lact at 3--4 hr AI. Inset 1: weak, smooth labeling (blue arrows) on uninjured distal dendrites; inset 2: strong labeling on the injured dendrite; blue asterisks: injury sites.\
(C--C") TMEM16F OE neuron labeled by AV-mCard. Inset 1: AV-mCard in the cell body; inset 2: AV-mCard puncta along distal dendrites (yellow arrowheads).\
(D--D") TMEM16F OE neuron labeled by constitutively expressed GFP-Lact. Inset: smooth GFP-Lact labeling on distal dendrites (blue arrows).\
(E)Percentage of neurons showing dendrite and debris labeling by constitutively expressed GFP-Lact. n = number of neurons: control (n = 20, 5 animals); TMEM16F OE (n = 31, 8 animals); XKR8 OE (n = 16, 4 animals). Fisher's exact test, \*\*\*p \< 0.001. n.s., not significant.\
(F)Arbor binding scores of GFP-Lact-labeled neurons. n = number of neurons: *CDC50* KO (n = 34, 10 animals, total neurons = 41); *CDC50* KO + TMEM16F OE (n = 27, 10 animals, total neurons = 45). Scoring system is illustrated in [Figures S3F](#SD3){ref-type="supplementary-material"} and [S3H](#SD3){ref-type="supplementary-material"}. Scale bars: 50 μm (A--D).\
See also [Figure S3](#SD3){ref-type="supplementary-material"}.](nihms-1506243-f0003){#F3}

![Ectopic PS Exposure in Neurons Causes Membrane Loss at Distal Dendrites\
(A--F) Partial dendritic fields of control (A), *CDC50* KO (B), *ATP8A* KO (C), *ATP8A* and *CDC50* double KO (D), TMEM16F OE (E), and *CDC50* KO + TMEM16F OE (F) C4 da neurons.\
(G--I) Partial dendritic fields of control (G), TMEM16F OE (H), and *CDC50* KO + TMEM16F OE (I) C4 da neurons after heat shock (HS) treatments.\
(J and K) Quantification of debris coverage showing effects of flippase KO (J) and scramblase OE (K). The debris coverage ratio is debris area ratio normalized by dendrite area ratio. n = number of neurons: control (n = 35, 16 animals); *CDC50* KO (n = 25, 11 animals); *ATP8A* KO (n = 14, 9 animals); *ATP8A* + *CDC50* KO (n = 17, 9 animals); TMEM16F OE (n = 19, 9 animals); *CDC50* KO + TMEM16F OE (n = 29, 12 animals); XKR8 OE (n = 10, 8 animals); CDC50 KO + XKR8 OE (n = 16, 9 animals).\
\*p % 0.05, \*\*p % 0.01, \*\*\*p % 0.001, Kruskal-Wallis (one-way ANOVA on ranks) and Dunn's test; p values adjusted with the Benjamini-Hochberg method.\
(L)Quantification of debris coverage with or without heat shocks. n = number of neurons: control (n = 35, 16 animals); control HS (n = 23, 12 animals); TMEM16F OE (n = 19, 9 animals); TMEM16F OE HS (n = 18, 10 animals); CDC50 KO + TMEM16F OE (n = 29, 12 animals); *CDC50* KO + TMEM16F OE HS (n = 13, 7 animals).\
\*\*\*p % 0.001, pairwise t test; p values adjusted with the Bonferroni method. n.s., not significant.\
(M)Correlation between the debris ratio and the distance from the cell body in control (red) and *CDC50* KO + TMEM16F OE (blue). The average debris ratio at a given distance is average debris particle number divided by either total dendrite number (left panel) or terminal dendrite number (right panel). Circle: average debris ratio; solid line: polynomial fit of the average debris ratio; R^2^: coefficient of determination of the linear regression. n = number of neurons: control (n = 35, 16 animals); *CDC50* KO + TMEM16F OE (n = 29, 12 animals).\
Scale bars: 50 mm. Black bar: mean; red bars: SD. The control in (J)--(L) is the same dataset; *CDC50* KO in (J) and (K) is the same dataset; TMEM16F OE in (K) and (L) is the same dataset; *CDC50* KO + TMEM16F OE in (K) and (L) is the same dataset. See also [Figure S4](#SD4){ref-type="supplementary-material"}. n.s., not significant.](nihms-1506243-f0004){#F4}

![PS-Exposing Dendrites Shed Membrane Vesicles in a Phagocyte-Dependent Manner\
(A and B) Time series of *CDC50* KO + TMEM16F OE dendrites showing vesicle shedding from a terminal branch (A) and a dendritic shaft (B). Indicated times are relative to the first frame.\
(C) Vesicle shedding frequency defined as the number of shedding events per terminal dendrite in 3 min multiplied by 10^4^. n = number of neurons: control (n = 21, 7 animals); *CDC50* KO +TMEM OE (n = 16, 5 animals). \*\*\*p % 0.001, Kruskal-Wallis (one-way ANOVA on ranks) and Dunn's tests.\
(D--F) Partial dendritic fields of control (D), *CDC50* KO (E), and *CDC50* KO + TMEM16F OE (F) neurons all in the *drpr*^---/---^ background.\
(G) Quantification of debris coverage. n = number of neurons: control (n = 35, 16 animals); *drpr*^---/---^ (n = 17, 9 animals); *CDC50* KO in *drpr*^---/---^ (n = 19, 11 animals); *CDC50* KO + TMEM16F OE in *drpr*^---/---^ (n = 19, 9 animals). ANOVA, H~0~ is true. n.s., not significant.\
(H) A time series of *CDC50* KO + TMEM16F OE dendrites labeled by MApHS. Blue arrows: the tip of a vesicle-shedding terminal dendrite.\
(I) Kymographs of membrane shedding and engulfment of the dendrite overlaid by blue color in (H"). White dotted lines: the tip of the dendrite in each frame; yellow arrowheads: vesicle shedding events.\
Scale bars represent 10 μm (A, B, and H); 50 μm (D--F). Black bar: mean; red bars: SD (C and G). See also [Videos S5](#SD5){ref-type="supplementary-material"}, [S6](#SD6){ref-type="supplementary-material"}, and [S7](#SD7){ref-type="supplementary-material"}.](nihms-1506243-f0005){#F5}

![Flippase Loss and Scramblase Overexpression Cause Distinct Modes of Axonal Degeneration in the Adult Fly Brain\
(A--D) Axons of control (A) and *CDC50* KO (B) Or22a neurons in 3-day-old adult brains and axons of control (C) and CDC50 KO (D) OR22a neurons in 25-day-old brains. The inset in (D) is an enlarged glomerulus.\
(E) Quantification of GFP brightness of Or22a glomeruli in age tests. n = number of brains: control 3 days (n = 19); CDC50 KO 3 days (n = 26); control 25 days (n = 21); *CDC50* KO 25 days (n = 19). \*\*\*p % 0.001, one-way ANOVA and Tukey's HSD. n.s., not significant.\
(F--I) Axons of control (F) and TMEM16F OE (G) Or22a neurons in 5-day-old adult flies that were not exposed to the odor and control (H) and TMEM16F OE (I) axons in flies that were exposed to the odor. The inset in (I) is an enlarged glomerulus imaged at a much brighter setting.\
(J) Quantification of GFP brightness in odor tests. n = number of brains: control no odor (n = 14); control with (w/) odor (n = 22); TMEM16F OE no odor (n = 21); TMEM16F OE w/ odor (n = 16); *CDC50* KO no odor (n = 16); *CDC50* KO w/ odor (n = 18). \*p % 0.05; \*\*\*p % 0.001, one-way ANOVA and Tukey's HSD test.\
(K) Quantification of GFP brightness in age tests. n = number of brains: control 3 days (n = 20); TMEM16F OE3 days (n = 21); control 25 days (n = 16); TMEM16F OE 25 days (n = 29). \*\*\*p % 0.001, one-way ANOVA and Tukey's HSD.\
In all image panels, Or22a glomeruli are outlined. The types of food used are indicated for each panel: GY, glucose yeast medium; S, sucrose agar. Scale bars: 20 μm. Black bars: mean; red bars: SD. See also [Figure S5](#SD5){ref-type="supplementary-material"}.](nihms-1506243-f0006){#F6}

![The Lactadherin C1C2 Domain Induces Engulfment-Dependent Dendritic Degeneration of PS-Exposing Neurons\
(A--C") Partial dendritic fields of CDC50 KO neurons in the absence (A--A") and presence (B--B") of constitutive GFP-Lact expression. Inset in (B)--(B"): a segment of degenerating dendrite strongly labeled by GFP-Lact.\
(C--C") Partial dendritic fields of CDC50 KO neurons in *drpr*^*--/--*^ background in the presence of constitutive GFP-Lact expression.\
(D) Dendrite length in the partial ddaC dendritic field. n = number of neurons: *CDC50* KO (n = 27, 9 animals); *CDC50* KO + GFP-Lact (n = 20, 9 animals); *CDC50* KO + GFP-Lact in *drpr*^---/---^ (n = 21, 9 animals). \*p % 0.05; \*\*\*p % 0.001, one-way ANOVA and Tukey's HSD test.\
(E--E") High-resolution images of *CDC50* KO distal dendrites in the presence of constitutively expressed GFP-Lact in *drpr*^---/---^ background taken at a brighter GFP setting. Maximum projection of two Z slices covering 2-mm-thick volume. Blue arrows: GFP-Lact labeling on dendrites.\
(F) Quantification of GFP-Lact binding on dendrites. Background: epidermal regions without dendrites. n = number of measurements: control background (n = 14) and control dendrite (n = 28), 7 animals; *CDC50* KO + GFP-Lact background (n = 16) and *CDC50* KO + GFP-Lact dendrite (n = 32), 8 animals; *CDC50* KO + GFP-Lact in *drpr*^---/---^ background (n = 16) and *CDC50* KO + GFP-Lact in *drpr*^---/---^ dendrite (n = 32), 5 animals. \*\*\*p % 0.001, Kruskal-Wallis (one-way ANOVA on ranks) and Dunn's test; p values adjusted with the Benjamini-Hochberg method.\
Black bars: mean; red bars: SD. See also [Figure S6](#SD6){ref-type="supplementary-material"}.](nihms-1506243-f0007){#F7}

###### Highlights

-   PS is exposed on degenerating dendrites in a specific spatiotemporal pattern

-   PS exposure on injured dendrites depends on NAD depletion, not caspase activity

-   Ectopic PS exposure on live neurons causes phagocytes to engulf distal neurites

-   Lactadherin C1C2 domain potentiates phagocytes to destruct PS-exposing dendrites
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